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Reinforcer magnitude and fixed-ratio requirement were varied under two second-order schedules.
Under one, the first sequence of a fixed number of responses completed after the lapse of a 10-min
fixed interval produced reinforcement. Under the second, a second-order progressive-ratio schedule,
the fixed number of responses increased after each reinforcement. Either cocaine (0 to 300 ,ug/kg/
inj) or food (0 to 5,700 mg/delivery) reinforcers were delivered. Under some conditions, a 2-s illu-
mination of stimulus lights occurred on completion of each ratio sequence. Under the second-order
schedule, as cocaine dose or amount of food increased, rates of responding increased; at the highest
values, rates of responding decreased. Increases in the ratio requirement from 10 to 170 responses
minimally decreased overall response rates. Under the second-order progressive-ratio schedule, in-
creases in dose of cocaine or amount of food increased rates of responding; at the highest amounts of
food, rates of responding decreased but response rates at the highest dose of cocaine remained relatively
high. The highest ratio requirement that was completed (breaking point) depended on the dose of
cocaine but was less dependent on the amount of food. Removing brief-stimulus presentations had a
greater effect on completion of ratio requirements with cocaine compared to food.

Key words: cocaine, second-order schedules, progressive-ratio schedules, self-administration, rein-
forcing efficacy, lever press, squirrel monkeys

Under second-order schedules, the rein-
forcer is presented according to a schedule in
which completion of an extended sequence of
behavior is intermittently reinforced (e.g., the
first completion of a sequence of 10 responses
[fixed-ratio 10 or FR 10] after the lapse of a
5-min fixed interval [FI 5]). This second-order
schedule is designated FI 5 (FR: S), where S
signifies that a stimulus change occurred after
completion of each FR unit (Kelleher, 1966).
These schedules have been used extensively for
studying the reinforcing effects of drugs. Un-
like less complex schedules, under second-or-
der schedules behavior can be maintained with
relatively few drug injections per session, re-
ducing the behavioral disruption that can be
obtained under schedules in which drug in-
jections recur throughout experimental ses-
sions (Goldberg, 1976; Kelleher, 1976). Thus,
under second-order schedules behavior main-
tained by the drug can be more directly com-
pared to behavior maintained by more con-
ventional reinforcers in determining whether
they are comparably affected by environmental
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variables (Goldberg & Kelleher, 1977; Katz
& Goldberg, 1991). Two variables that have
previously been shown to affect responding
under second-order schedules are reinforcer
magnitude and response contingency.

Goldberg, Kelleher, and Goldberg (1981)
studied the effects of reinforcer magnitude un-
der an Fl 5-min (FR: S) second-order sched-
ule. With both cocaine (O to 400 ug/kg/inj)
and food (O to 4,000 mg/delivery), response
rates first increased and then decreased as the
magnitude of the reinforcer was increased.
Most studies with multiple reinforcer deliv-
eries per session (cf. Balster & Schuster, 1973;
Goldberg, 1973; Goldberg & Kelleher, 1976;
Goldberg et al., 1981; Katz, 1989; Kelleher &
Goldberg, 1977; Spealman & Kelleher, 1979)
have found response rate to be an inverted
U-shaped function of both food and cocaine
reinforcer magnitude, although there may be
differences in the highest response rates main-
tained or the reinforcer magnitude at which
this maximum occurs (see Young & Herling,
1986).
There have been few studies directly com-

paring response requirements under second-
order schedules of cocaine injection or food
presentation. In one study, acquisition re-
sponse rates under second-order schedules were
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higher under parameter values Fl 5 (FR 3: S)
than under the values FI 5 (FR 10: S) (Gold-
berg & Kelleher, 1977). With repeated ex-
posure, however, both schedules maintained
high, consistent response rates. Goldberg
(1973) studied responding under a second-or-
der Fl 5 (FR: S) schedule with ratio sizes of
10 or 30 with both cocaine (0 to 400 ug/kg/
inj) and food (0 to 1,000 mg/kg/delivery) re-
inforcers. Under the FR 30 requirement,
steady-state response rates were the same or
slightly higher than response rates under the
FR 10 requirement. The dose-effect curves
were qualitatively similar across FR values for
both reinforcers (i.e., an inverted U-shaped
function). However, maximal rates of re-
sponding were higher under the FR 30 than
under the FR 10 schedule value for responding
maintained by food in all 3 subjects and for
responding maintained by cocaine in 1 of 3
subjects. These studies suggest that FR re-
quirement may have some effect on response
rates under the second-order schedule, al-
though this effect has not been consistent across
subjects. To date, only fairly low response re-
quirements have been investigated, and the ex-
tent of ratio size effects has not been fully
investigated.
The current study is an attempt to compare

changes in responding maintained by either
food or cocaine as a function of both schedule
requirement and reinforcer magnitude under
second-order schedules. To this end, the ef-
fectiveness of a range of magnitudes of cocaine
or food in maintaining response rates, along
with effects of increasing response require-
ments under the second-order Fl 10 (FR: S)
schedule, were studied.
Under the second-order schedule, evaluat-

ing FR values requires presentation of a par-
ticular value for several sessions, obtaining sta-
ble response rates, and presenting a new FR
value for several more sessions until respond-
ing becomes stable again. This must be done
for each FR value and each dose studied. In
the present study, we also examined a second-
order progressive-ratio schedule that offered a
more expeditious procedure for evaluating the
effects of ratio value under second-order sched-
ules because ratio size was incremented from
one interval to the next within a session (see
Hodos & Kalman, 1963).
Under progressive-ratio schedules, the high-

est ratio value that maintains responding, the

breaking point, has been used as an index of
reinforcer efficacy (Griffiths, Bradford, &
Brady, 1979; Griffiths, Brady & Snell, 1978;
Hodos & Kalman, 1963; Winger & Woods,
1985). Most studies show that breaking-point
value is an inverted U-shaped function of re-
inforcer magnitude; the present study at-
tempted to verify this relationship for the sec-
ond-order progressive-ratio schedule and to
compare breaking-point values for food and
cocaine reinforcers.

Second-order schedules are useful in part
because they can be used to assess the condi-
tioned reinforcement effects of stimuli sched-
uled with the reinforcer (Kelleher, 1966;
Schindler, Katz, & Goldberg, 1988). The cur-
rent investigation also examined the effects of
the brief stimulus at various FR values by
omitting all but the brief stimulus that oc-
curred during reinforcer delivery. This was
done for both the second-order fixed-ratio and
the second-order progressive-ratio schedules in
an attempt to investigate any differences with
respect to the FR value.

METHOD
Subjects. Six squirrel monkeys (Saimiri sci-

urea), 3 naive and 3 with a history that in-
cluded intravenous self-administration of psy-
chomotor stimulants, participated in the study.
The 3 naive subjects (S-486, S-786, and
S-1286) were assigned to the food group, and
the 3 experienced subjects (S-482, S-782, and
S-984) constituted the cocaine group. When
not in the experimental chamber, subjects were
individually housed in stainless-steel cages with
free access to water. Subjects studied with co-
caine were maintained at their free-feeding
weights (0.8 to 1.0 kg), whereas subjects stud-
ied with food were maintained at 85% to 90%
of their free-feeding weights (0.7 to 0.9 kg).
All subjects were given fresh fruit to supple-
ment the diet at least once per week.
Each cocaine subject was surgically pre-

pared with a polyvinyl chloride catheter im-
planted in either the jugular, femoral, or illiac
vein. The distal end of the catheter was passed
subcutaneously to exit through the back. Sur-
gical procedures are detailed in Herd, Morse,
Kelleher, and Jones (1969). These subjects
were fitted with a nylon mesh jacket to protect
the exposed portion of the catheter. Catheters
were flushed with saline (0.9% NaCl) before
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and after each experimental session, and after
each session they were sealed with stainless-
steel obturators.

Apparatus. Two sound-attenuating isolation
chambers (Model AC-3, Industrial Acoustics)
housed the Plexiglas restraining chairs in which
subjects were seated during experimental ses-
sions. A response lever (121-05, BRS/LVE)
was located on the right side of the front panel
of the chair, facing the subject. Depression of
the response lever with a force greater than 15
g resulted in an audible feedback click and was
recorded as a response. Mounted behind the
clear front panel at eye level were three pairs
of 6-W bulbs (green, amber, and red) that
could be illuminated to serve as stimuli. Also
located on the front panel was a recessed
receptacle for delivery of 190 mg dustless ba-
nana-flavored pellets (Bio-Serve). A motor-
driven syringe pump for IV drug administra-
tion was located outside the experimental
chamber and could be connected to the catheter
by way of polyethylene tubing that was passed
through a small hole in the side of the chamber.
The syringe pump was held braked by a small
DC voltage except when its 110-V AC motor
was operated by the programming equipment.
White noise was continuously present within
the chamber to mask extraneous noises. Cham-
bers were connected to electromechanical and
SKEDs programming and recording equip-
ment located in a separate room.

Procedure. Experimental sessions were con-
ducted Monday through Friday. Cocaine sub-
jects required no training. For all other sub-
jects, training consisted of first accommodating
subjects to the restraint chair. Food pellets were
then delivered independently of behavior, each
accompanied by a 2-s illumination of amber
lights. When the subject was consistently ob-
taining all pellets delivered, lever pressing was
shaped by the method of successive approxi-
mations (Ferster & Skinner, 1957). The green
stimulus lights were then illuminated at all
times except during food delivery, and re-
sponding was maintained under an FR 1
schedule. The ratio requirement was gradually
increased until responding was stable under
an FR 10 schedule. A short timeout, during
which the chamber was dark and lever presses
had no scheduled consequences, was then in-
troduced following each pellet delivery and was
gradually increased to 1 min over successive
sessions. The second-order schedule was in-

troduced by initially setting the Fl schedule at
a few seconds and increasing the value over
sessions to the final 10-min value.

Second-order schedule. During illumination
of the green stimulus lights, completion of each
FR sequence was followed by a brief 2-s il-
lumination of the amber lights, during which
the green stimulus lights were out. The first
FR unit completed after the lapse of a 10-min
fixed interval turned off the green lights, turned
on the amber lights for 2 s, and was followed
by either a cocaine injection or food pellets.
Following delivery of the reinforcer, a 1-min
timeout occurred, in which all lights were ex-
tinguished and responses had no scheduled
consequence. Each session ended after six de-
liveries of the reinforcer or 30 min with no
responses.

Magnitude of the reinforcer, effects of re-
moving the brief stimulus, and size of the FR
requirement were studied under the second-
order schedule. With the FR requirement con-
stant, drug doses of 10, 30, 100, or 300 ,ug/
kg/inj and saline were examined. Magnitude
of the food reinforcer was varied by delivering
0, 1, 3, 10, or 30 of the 190-mg pellets. All
pellets that had been delivered but not eaten
were made available in the home cage after
the session. Each drug dose or amount of food
was studied for at least 10 sessions and until
stable response rates were produced. For the
FR 10 value, reinforcer magnitudes were pre-
sented in a mixed sequence. With all subse-
quent FR values, the magnitude that had
maintained the highest response rates under
the preceding condition was presented first,
with subsequent magnitudes presented in a
mixed sequence. At each FR value, the mag-
nitude that had maintained the highest overall
response rates was studied again. Brief-stim-
ulus effects were then examined by removing
illumination of the amber lights after all FR
completions, except the one that accompanied
drug injection or food delivery. These condi-
tions were in effect for at least five sessions
before the brief stimulus was reinstated.

Following determinations of effects of all
reinforcer magnitudes at each FR value, the
FR requirement was increased. Several FR
requirements (10, 30, 100, and 170) were stud-
ied, starting with the smallest and progressing
to the next larger. Responding of each subject
was studied under all values, except S-786 and
S-1286. With each FR value, values of rein-
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forcer magnitude were examined in a mixed
sequence as described above.

Second-orderprogressive-ratio schedule. After
completion of all of the above conditions, re-
sponding maintained by food in Subjects S-786
and S-486 and responding maintained by co-
caine in Subjects S-482 and S-782 were studied
under the second-order progressive-ratio
schedule. As before, each FR completion re-
sulted in a 2-s illumination of the amber lights,
the FI value was 10 min, and the first FR
sequence completed after the lapse of a 10-
min Fl produced reinforcement. Under the
second-order progressive-ratio schedule, if the
schedule requirements were fulfilled the FR
value was incremented for the next interval.
Six ratio values were possible per session: 10,
30, 100, 300, 1,000, and 3,000. If the ratio
was not completed within 10 min after the
lapse of the Fl, the timeout was presented
without drug injection or food presentation,
and the requirement was reset to FR 10 for
the next interval. Sessions lasted until the op-
portunity to obtain six reinforcers occurred and
always began with FR 10. The same magni-
tudes of cocaine dose or food amount were
presented as under the second-order FR sched-
ule; reinforcer magnitudes were presented in
a mixed sequence. Each was initially presented
for at least 10 sessions, or until responding
became stable. At each dose of cocaine or
amount of food, the brief stimulus was re-
moved for at least five sessions. On occasion,
the brief stimulus was reinstated with the same
cocaine dose or number of pellets to redeter-
mine rates prior to presentation of the next
reinforcer magnitude.

Data analysis. Overall response rates were
obtained by calculating responses per second
during the time when lever presses could be
reinforced (i.e., during the time when the green
stimulus lights were illuminated). Response
rates for each interval of the last three sessions
at each reinforcer magnitude under the second-
order FR schedule were averaged. Response
rates under the second-order progressive-ratio
schedule were averaged for each reinforcer
magnitude, irrespective of FR value. Mean
overall response rates under the second-order
progressive-ratio schedule, irrespective of FR
value, are also presented. Breaking point, de-
fined as the highest ratio value under which
responding occurred without completing the
ratio requirement within the alloted time, was

also determined. Each session yielded a single
breaking point, and these values were averaged
over the last three sessions for each reinforcer
magnitude determination. A specific reinforcer
magnitude was occasionally presented more
than once under a particular FR value; data
from all determinations were averaged.
Drug and dosage. Cocaine hydrochloride

(provided by NIDA) was dissolved and diluted
with a 0.9% saline solution. Dose per injection
is expressed as microgram of the salt form of
the drug per kilogram body weight of the sub-
ject.

RESULTS
Second-order schedule. Figure 1 shows mean

response rates for individual subjects under the
second-order schedule for each FR value stud-
ied. Response rates increased as reinforcer
magnitude (either cocaine dose or number of
pellets) increased. At the highest reinforcer
magnitudes, however, response rates increased
less or decreased. This inverted U-shaped curve
was observed for all subjects at most FR values.
For S-782 with cocaine deliveries, the descend-
ing limb of the function was observed only at
the FR 100 value. At lower FR values for this
subject, the dose-effect curve continued to in-
crease with dose, and at FR 170 only the high-
est cocaine dose maintained responding. (Re-
sponding could not be reliably maintained with
lower cocaine doses at the higher ratio values
for S-782.) The descending limb of the func-
tion was not obtained at FR 30 for either S-482
(cocaine) or S-1286 (food), although it was
obtained for these 2 subjects at both higher
and lower FR values. In general, higher re-
sponse rates were maintained by food com-
pared to cocaine.
Compared to reinforcer magnitude, FR

value had a minimal effect on responding. In
general, overall response rates were similar
across FR values, with rate decreases seen con-
sistently only at the higher FR values for S-782
(cocaine) and less so for S-786 (food). For
S-1286 (food), mean overall response rates un-
der the FR 10 were uncharacteristically low
compared to FR 30 and FR 100 rates.

Saline maintained the lowest response rates
under most conditions. For food-maintained
responding, omission of all pellets generally
maintained low response rates, although these
were not always the lowest rates. The rein-
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Fig. 1. Mean overall responses per second from the last three sessions for each subject under the second-order

schedule. Averages are from the last three sessions at each FR value and reinforcer magnitude. Upper panels: cocaine-
maintained responding; bottom panels: food-maintained responding. Unconnected symbols at S in the upper row denote
saline sessions, and 0 in the bottom row denotes no pellets delivered. Some symbols have been offset to the left or right
for clarity.

forcer magnitude that maintained maximal re-

sponse rates for a particular subject was, or-

dinarily, the same across FR values. With a
few exceptions, the highest rates of responding
occurred with 100 ,ug/kg/inj cocaine or 10
pellets/delivery food. Although for each sub-
ject there were some irregularities, there was
no consistency with respect to reinforcer type
or FR value.

Figure 2 shows response rates maintained
with and without the brief stimulus at selected
FR values. Removing the brief stimulus de-
creased response rates under the lower FR
values; however, the effects of removing the
brief stimulus were inconsistent at the higher
FR values.

Figure 3 shows representative performances
of S-482 maintained by cocaine under the sec-

ond-order schedule at FR 30 and FR 100 val-
ues. With 100 ,g/kg/inj cocaine, there was a

pause at the beginning of each interval, fol-
lowed by high, consistent response rates. There
were no reliable differences between FR 30
and FR 100 performances, although there was
a slight trend for the pause at the beginning
of each interval to increase with the ratio value.
When the brief stimulus was omitted, pause
duration at the beginning of each interval in-
creased and pauses, once responding was ini-
tiated, were not uncommon. Saline maintained
lower response rates, with long pauses at the
beginning of each interval, and with frequent
disruptions in rate of responding.

Figure 4 shows representative performances
of S-486 maintained by food presentation. Re-
sponse patterns were similar to those main-
tained by cocaine; however, there was a more
gradual increase in rates across the interval.
With the increase from FR 30 to FR 100,
pauses at the beginning of each interval in-
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Fig. 2. Effects of brief stimulus omission on maximal rates of responding maintained by cocaine injection (top

row) or food presentation (bottom row). Maximal effective magnitudes were for S-482: 100 ug/kg/inj cocaine under
FR 30 and 100, and 300 ug/kg/inj under FR 170; S-782: 300 sg/kg/inj cocaine under FR 30 and 100; S-984: 100
.sg/kg/inj under cocaine FR 30, 100, and 170; S-486: 10 pellets under FR 30 and 100, and 3 pellets under FR 170;
S-786: 10 pellets under FR 30 and 170; and S-1286: 10 pellets under FR 30 and 170. Solid bars are the means of the
last three sessions under conditions in which the brief stimulus was presented after each FR completion; open bars
are the means of the last three sessions under conditions in which the brief stimulus was omitted. Brackets indicate
+1 SD.

creased to about the same extent as those ob-
served with cocaine-maintained responding.
Removal of the brief stimulus increased pause
duration at the beginning of the interval and
decreased response rates, although these effects
were not as pronounced as those observed with
cocaine-maintained responding and were not
obtained at the higher FR value. Omission of
pellets at the time of reinforcer delivery dis-
rupted the steady response rates, although re-
sponse rates still tended to increase as the in-
terval progressed.

Second-order progressive-ratio schedules.
Representative performances of S-482 (co-
caine) and S-486 (food) under the second-or-
der progressive-ratio schedule are shown in
Figure 5. A response pattern similar to that
under the second-order fixed-ratio schedule was
observed, with a pause at the beginning of each
interval, followed by a high, steady response

rate. There was little disruption in response
patterns with increases in FR value until, at
the higher FR values, cocaine-maintained re-
sponding became erratic and often ceased al-
together. On those occasions when responding
ceased, it often resumed towards the end of the
session after the FR was reset to 10 responses
(Figure 5). Omission of the brief stimulus de-
creased response rates and increased pause
times at the beginning of and during each in-
terval. Responding occasionally ceased at FR
values that maintained responding with brief-
stimulus presentations. Substitution of saline
for drug or omitting the delivery of pellets
greatly reduced responding and disrupted re-
sponse patterns.

Average response rates under the second-
order progressive-ratio schedule for all mag-
nitudes are shown in Figure 6. An inverted
U-shaped magnitude-effect curve was ob-
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FR 100
1 00 ±g/kg/inj Cocaine
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No Brief Stimulus

I ! I

Saline

IlI I

HH

10 min
Fig. 3. Representative performances of S-482 under the second-order schedule maintained by 100l g/kg/inj cocaine,

100 Mg/kg/inj cocaine with the brief stimulus omitted, and saline. Records on the left are from sessions at FR 30;
those on the right are from sessions at FR 100. The upper response pen incremented with each lever press, was
deflected with each FR completion, and was reset at the end of each interval. Deflections of the bottom pen indicate
the end of the interval. The recorder did not operate during reinforcer delivery or the timeout period.

tained for food-maintained responding,
whereas cocaine-maintained responding tended
to increase monotonically with dose. Absolute
response rates were higher for food- than for
cocaine-maintained responding. Saline main-
tained the lowest response rates, and the omis-
sion of food produced low, but not always the
lowest, response rates. Omission of the brief
stimulus consistently decreased mean response
rates for both cocaine and food reinforcers.

Response rates with the dose of cocaine or

amount of food that maintained maximal rates

with and without brief-stimulus presentations
are shown in Figure 7. Maximal response rates
were maintained at 100 or 300 ug/kg/inj for
S-482 or S-782, respectively. These doses gen-
erally maintained maximal response rates at
each FR value. With food-maintained re-
sponding, the reinforcer magnitude that main-
tained the highest rate of responding was gen-
erally constant, at 10 pellets/delivery for S-786.
For S-486, the amount of food that maintained
highest response rates was either 3 or 10 pel-
lets/delivery. When the brief-stimulus presen-

FR30

0

0 I
C I

267

A-



D. J. SPEAR and J. L. KATZ

FR 30 FR 100
10 Pellets/Delivery

10 Pellets/Delivery
No Brief Stimulus

I

I. I
p

JI

I~
.J I~~~~~

llU/I '

No Pellets/Delivery

FH
10 min

Fig. 4. Representative performances of S-486 under the second-order fixed-ratio schedule maintained by 10 pellets,
10 pellets with the brief stimulus omitted, and no pellets. Performances on the left are from sessions at FR 30; those
on the right are from sessions at FR 100. Recording was as described for Figure 3.

tations were omitted, mean response rates gen-
erally decreased. These lower rates were
observed for both subjects in the cocaine group
and, with few exceptions, for both subjects in
the food group.
The mean breaking point, the highest FR

value at which responding was maintained, is
shown in Figure 8. For cocaine-maintained
responding with the brief stimulus, breaking
point increased with increases in reinforcer
magnitude, reaching asymptotic values be-
tween 100 and 300 ,g/kg/inj. Food reinforce-
ment maintained breaking points higher than
those maintained by cocaine under the second-
order progressive-ratio schedules with brief
stimuli. Breaking point was generally unre-
lated to the amount of food, except for S-486
at the 10 pellets/delivery value (at which
breaking points slightly increased) and the 30
pellets/delivery value (at which breaking points

decreased). Breaking points for food-main-
tained responding were consistently at or near
the highest possible ratio value. Omission of
the brief stimulus decreased breaking point for
cocaine-maintained responding, but there was
little change in breaking-point values with
brief-stimulus omission for food-maintained
responding.

DISCUSSION
The present study investigated the effects of

reinforcer magnitude and response require-
ment on response rates under second-order
fixed- and progressive-ratio schedules. The ef-
fects of reinforcer magnitude on responding
under second-order fixed-ratio schedules were
consistent with those previously reported (cf.
Goldberg, 1973, 1976; Spealman & Kelleher,
1979); increasing cocaine dose or amount of
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Fig. 5. Representative performances of S-482 (left column) under the second-order progressive-ratio schedule
maintained by 100 ug/kg/inj cocaine, 100 ug/kg/inj cocaine with the brief stimulus omitted, and saline. Performances
for S-486 under the same schedule but maintained by 10 pellets, 10 pellets with the brief stimulus omitted, and no

pellets are shown on the right. Recording was as described in Figure 3.

food increased response rates with further in-
creases in magnitude generally decreasing re-

sponse rates. Increasing reinforcer magnitude
under the second-order progressive-ratio
schedule produced increasing response rates,
with decreases in rates obtained when large
amounts of food were presented but not when
high doses of cocaine were presented. Within-
session patterns of responding were charac-
terized by a period of little or no responding,
followed by a gradual increase in responding
that was maintained until reinforcer delivery.
When the brief stimulus was presented after
completion of each ratio sequence, it was often
followed by a short pause and a transition to
an increased response rate. Removal of the

reinforcer produced the lowest response rates
with a disruption in the typical pattern. On
occasion, however, removal of pellets did not
appreciably decrease response rates.
Under both the second-order fixed-ratio and

progressive-ratio schedules, mean overall re-

sponse rates were strikingly similar across low
to intermediate ratio requirements with little
or no change in the reinforcer magnitude that
maintained maximal response rates. The most
prominent and consistent ratio-value effect on
overall response rates was the inability of low
doses of cocaine to maintain responding under
the schedule with the highest ratio values. Un-
der the second-order fixed-ratio schedule, low
doses of cocaine did not maintain responding

a I

L
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Fig. 6. Mean overall responses per second from the last three sessions for each subject under the second-order

progressive-ratio schedule. Upper panels: cocaine-maintained responding; bottom panels: food-maintained responding.
Filled symbols: sessions when the brief stimulus was presented after every FR completion; open symbols: sessions
when the brief stimulus was omitted. Unconnected symbols at S in the upper row denote saline sessions, and 0 in the
bottom row denotes no pellets delivered. Each symbol indicates response rates averaged across FR values. Thus, each
symbol is the mean of all rates during the last three sessions for each magnitudc. Some symbols have been offset to
the left or right for clarity.

at values above FR 30. Along similar lines,
Marquis, Webb, and Moreton (1989) found
that response rates of rats self-administering
phencyclidine were more disrupted by in-
creases in the FR value at the lowest doses
studied. Responding was maintained under the
second-order progressive-ratio schedule under
successively increasing ratio values at doses
that did not maintain responding under the
second-order fixed-ratio schedule. This main-
tenance of responding at ratio values that were
successively approximated indicates that the
recent history of the subject in part determines
the performances maintained. A further im-
plication is that breaking point on progressive-
ratio schedules may depend on the sequence

of ratio values that comprise the progression
(see below).
The lack of a large effect on response rates

with changes in FR value at the higher doses
contrasts with several previous studies. For
example, Pickens and Thompson (1968) found
significant increases in response rates when the
value of an FR schedule was increased from
5 to 80 responses with rats self-administering
cocaine. They also found that as cocaine dose
was increased, the highest FR value that main-
tained responding increased, in accordance with
the present findings. Goldberg (1973) found
that for some subjects under a second-order FI
5 (FR: S) schedule of IV cocaine injection,
higher doses of cocaine were required to main-
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Fig. 7. Effects of brief-stimulus omission on maximal rates of responding maintained by cocaine injections (top

row) and food presentations (bottom row). Maximal effective magnitudes were, for S-482: 300 ug/kg/inj under FR
10, and 100 Mg/kg/inj cocaine under FR 30, 100, and 300; S-782: 300 Mg/kg/inj cocaine under FR 30, 100 ug/kg/
inj under FR 30 and 300, and 30 Mg/kg/inj cocaine under FR 100; S-486: 10 pellets under FR 10, 300, and 1,000,
1 pellet under FR 30 and 3,000, and 3 pellets under FR 100; S-786: 10 pellets under FR 10, 100, 300, and 3,000, 3
pellets under FR 30, and 1 pellet under FR 1,000. Solid bars are the means of the last three sessions under conditions
when the brief stimulus was presented after each FR completion; open bars are the means of the last three sessions
under conditions when the brief stimulus was omitted. Brackets indicate +1 SD.

tain maximal responding at FR 30 compared
to FR 10.

It is possible that differences in effects of
FR value in the present and previous studies
are due to the longer time between injections
(at least 11 min in the current study compared
to 6 min in the Goldberg, 1973, study and even
shorter times in the Pickens and Thompson,
1968, study) or the lower range of FR values
used in both of the previous studies. When
response rates have been shown to vary with
FR size, the schedule has usually been de-
signed so that the total number of injections
was directly dependent on response rate, where
a transient decrease in response rate would
decrease rate of reinforcement, which could
further decrease response rates (cf. Pickens &

Thompson). Under the present schedules this
was not the case because the FI contingency
limited the relation between rate of responding
and rate of reinforcement (Ferster & Skinner,
1957). Changes in response rates that might
have been produced by increasing the FR re-
quirement could have little effect on the fre-
quency of reinforcement.
The comparison between food- and cocaine-

maintained responding in the present study
should be made cautiously because no subject
was studied with both reinforcers. However,
because the functions relating response rate
and reinforcer magnitude were qualitatively
similar for food and cocaine reinforcers, suf-
ficient ranges of reinforcer magnitude were
studied to establish approximate correspon-
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stimulus was presented after each FR completion; open circles: brief stimulus was omitted. Unconnected symbols at
S in the top panels denote saline sessions, and 0 in the bottom panels denotes no pellets were delivered.

dence. Under both schedules, food maintained
higher overall rates of responding than did
cocaine, with surprisingly little overlap in
overall response rates across reinforcers. Thus,
food appears to be more effective than cocaine
as a reinforcer under the current conditions.
Because high doses of cocaine can sometimes
produce a decrease in response rates (Barrett
& Katz, 1981; Katz, 1989), the effects of cu-

mulative doses are often used as an explanation
for low rates of cocaine-maintained respond-
ing; this explanation seems plausible under the
present conditions. However, that responding
was often reinitiated at lower ratio values after
ceasing at the higher values suggests that the
cessation was due to ratio size rather than to
the effects of cocaine. Further, it was the lower
cocaine doses that failed to maintain respond-
ing under the higher FR values, a result in-

compatible with the expected rate-decreasing
effects of high cumulative cocaine doses but
consistent with cocaine being relatively less ef-
fective than a food reinforcer.

Previous comparisons of cocaine- and food-
maintained responding have focused on func-
tional similarities emphasizing similar rein-
forcing effects of food and cocaine. Several
studies have shown the ability of cocaine to
maintain behavior in a manner analogous to
food, but differences in food- and cocaine-
maintained behavior have emerged. For in-
stance, in addition to the previously mentioned
differences in food and cocaine associated brief-
stimulus effects (Goldberg et al., 1981), Katz
(1980) found that response rates decreased at
the highest doses of cocaine but not at the
largest amounts of food (even when only one

injection occurred per session, precluding rate-
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decreasing effects). Katz and Goldberg (1991)
reviewed various schedule arrangements and
concluded that overall rates of food-main-
tained responding have been shown to be
higher, lower, and the same as rates main-
tained by cocaine. The reasons for these in-
consistencies are as yet undetermined.

Because response rates can be influenced by
drug effects other than reinforcing effects, al-
ternative measures of reinforcer effectiveness
have been examined. Breaking point deter-
mined under the progressive-ratio schedule is
one measure that is less directly influenced by
rate-altering drug effects. Comparing break-
ing points determined by different reinforcers
under progressive-ratio schedules may provide
indices of reinforcer efficacy (Griffiths et al.,
1978; Griffiths, Findley, Brady, Dolan-
Gutcher, & Robinson, 1975) and perhaps even
quantification of their effectiveness (see Katz,
1990, for a discussion). When this comparison
is applied to the current progressive-ratio data,
it appears that food was relatively more effec-
tive as a reinforcer than cocaine, given the
higher breaking points. Omission of the brief
stimulus reduced the breaking point for re-
sponding maintained by cocaine injections but
had little effect on the breaking point for re-
sponding maintained by food delivery. The dif-
ferential effects of brief-stimulus removal sug-
gest that cocaine-maintained response rates
were, to a greater extent than food-maintained
rates, dependent on presentation of this con-
ditioned reinforcer. Whether the ability of a
paired stimulus to maintain responding is de-
pendent on the type of reinforcer cannot be
determined from the present data, but given
that Goldberg et al. (1981) found removal of
the brief stimulus did not decrease food-main-
tained response rates under an FI 5 (FR)
schedule, further study would be interesting
and, perhaps, important.
The progressive-ratio schedule used in the

present study is procedurally different from
those used previously because this schedule was
incorporated into a second-order schedule. The
current schedule also differs from many of the
previous progressive-ratio procedures in that
the ratio increment occurred following each
drug injection instead of across sessions. Given
these seemingly major procedural differences,
the similarities between the present study and
previous studies are striking. Breaking points
increased with increases in cocaine dose, ap-

proaching an asymptotic value at about 100 to
300 ,ug/kg/inj, similar to that found with rhe-
sus monkeys (Winger & Woods, 1985), ba-
boons (Griffiths et al., 1975, 1978), and rats
(Roberts, Loh, & Vickers, 1989). In the pri-
mate studies, breaking point increased with
cocaine dose up to about 300 ,g/kg/inj, with
further increases producing a decrease in
breaking points.

There are at least two major advantages of
the current modifications over the more typical
progressive-ratio schedule. First, under the
current conditions, stable breaking points could
be determined in as little as 10 days per dose;
this method offers expediency in data collection
over both many of the previous progressive-
ratio procedures and the second-order proce-
dure of the current study. It is possible that
breaking points and stable response rates could
be determined with even fewer sessions by
lengthening the session and presenting more
intervals. Second, there are the benefits of us-
ing the second-order element of the current
schedule in maintaining a high rate of complex
behavior with few injections per session. The
schedule arrangement shows promise as a
means to maintain response requirements even
higher than previous second-order schedules.
To some extent, the current breaking-point

analysis may not accurately indicate the effec-
tiveness of food as a reinforcer. Responding
often occurred under the FR 3,000 require-
ment (the last ratio in the session) but was
seldom completed within the time constraint.
Had the session or time requirement been ex-
tended, it is possible that higher ratio require-
ments could have been maintained. This
schedule constraint can be seen in Figure 8,
as relative invariance of breaking points with
amount of food and lack of a decrease in break-
ing points with brief-stimulus removal. Step
size of the progressive-ratio progression has
been shown to affect breaking points and the
relation of breaking point to antecedent vari-
ables such as food deprivation (Hodos & Kal-
man, 1963). The logarithmic progression used
may have affected breaking points. The pro-
gression of FR sizes under the current second-
order schedule suggests that smaller progres-
sions according to a different scale might
produce quite different breaking-point values.

Comparisons among drugs in preclinical
studies assessing abuse liability suggest that
there may be valid and reliable methods for
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quantifying the effectiveness of different re-
inforcers. Both response rate and breaking-
point measures of the current study suggest
that the relative reinforcing efficacy of food is
greater than that of cocaine. This ordering of
reinforcers differs from that of Aigner and
Balster (1978). When rhesus monkeys received
cocaine or food under a choice procedure, co-
caine-maintained responding predominated to
the extent that subjects rarely received food
and the experimenters had to intervene.

Previous studies have suggested that differ-
ent techniques for assessing the relative effec-
tiveness of reinforcers can produce different
results. For example, Brito (1985) examined
the reinforcing effects of water in Brattleboro
and normal Long-Evans rats. Brattleboro rats,
being homozygous for diabetes insipidus, have
daily water intakes that are much higher than
normal rats. Progressive-ratio performances
maintained by water presentation and the sup-
pression of water intake by quinine adulter-
ation were examined. Although more quinine
was necessary to suppress water consumption
in the diabetic compared to the normal rats,
their breaking points under the progressive-
ratio schedule were lower. Results such as these
caution against broad conclusions based on iso-
lated comparisons of two reinforcers, and in-
dicate that a comprehensive assessment of re-
inforcing efficacy will require extensive
systematic studies yielding significant corre-
spondence.
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